Abstract-The preliminary design concept, for a low-loss, highbandwidth electromagnetically coupled vertical transition for use as a via between adjacent levels of a 3D-MCM based on membranesupported striplines with micro-machined shielding, is presented. The design methodology, modeling using Ansoft HFSS and simulated results are presented and together represent a complete electrical characterization of the vertical transition. The simulated insertion loss of these structures is shown to be as low as 0.12 dB at 60 GHz with a 44 GHz 1 dB bandwidth. Besides studying the vertical transition, the analysis is extended to identify the range of directional coupling which can be achieved using this type of structure, which is shown to be greater than 3 dB. The structures studied rely on a versatile micromachining technique for the fabrication of the micro-shielding which allows for the conformal packaging of lines and devices, with the ultimate aim of realizing 3D system-in-a-package type modules. The concept and proposed fabrication techniques for these modules, including methods of flip-chip MMIC attachment are detailed.
INTRODUCTION
The advantages of membrane-supported lines and passive components for millimeter-wave frequencies include extremely low-loss and dispersion [1, 2] along with the potential for high-performance passives such as inductors, capacitors [3] , directional couplers [4] and antenna arrays [5] . The origins for this type of transmission line lie in a combination of the work conducted using a membrane-supported CPW (coplanar-waveguide) geometry on a SiO 2 /Si 3 N 4 /SiO 2 membrane [3] [4] [5] [6] [7] [8] (also demonstrated using a polymer or epoxy membrane [9] [10] [11] ), and also that involving a self-packaged, grounded CPW (GCPW) configuration using micromachined silicon [12] [13] [14] [15] [16] [17] . The work described in [1, 2] is an extension of these earlier types of miniature membranesupported transmission lines with the addition of full shielding and conversion to a stripline-type geometry. This involved the use of a versatile photo-epoxy, SU-8 [18] [19] [20] [21] [22] for the fabrication of both the shielding and the membrane, which has already been proven in micromachining applications. This fabrication method involves the stacking of photolithographically defined thick layers to create complex 3D shielding configurations, as described in [22] .
Micromachined silicon platforms have some benefits over polymer and epoxy technologies including process maturity, generally higher chemical resistance and thinner membranes. However, the level of geometrical complexity of the shielding structures which can be micromachined using polymers and epoxies is higher. This gives increased flexibility and scope which can be exploited to provide a platform with increased versatility. Compared to their silicon counterparts, SU-8 membranes display increased sturdiness and their processing supports the ability to remove areas of the membrane which are not mechanically important in order to gain electrical performance advantages. The increased versatility and relative ease of processing obtained through the use of this alternative micromachining approach for the shielding also affords certain major advantages. These include 1) the potential creation of novel electromagnetically coupled vertical transitions between shielded membrane-supported lines, which in addition can be adapted easily to provide varying degrees of directional coupling between the different levels of a MCM, and 2) support of methods for the attachment of MMICs directly to the membrane using conductive polymer flip-chipping. This would be extremely challenging on a silicon membrane due to the forces involved during the processing and assembly stages, and their inflexible processing sequence. This potentially makes the approach to line fabrication and assembly described in [1] a realizing technology for 3D MCMs using membrane-supported interconnects.
This paper describes the design, modeling and characterization of a non-contact vertical transition suitable for use in a 3D MCM employing the membrane supported transmission line interconnects developed in [1] . The results show that for an optimized 60 GHz transition, insertion losses of less than 1 dB over a 28 GHz bandwidth should be possible. Further analysis has also shown that through the use of the membrane material removal technique described in [1, 2] this bandwidth could be increased to around 44 GHz.
MICROMACHINED MILLIMETER-WAVE 3D MCMS
The general motivation behind the development of 3D multi-chip modules is the miniaturization of microwave and mm-wave circuits. MCM technology mounts multiple unpackaged MMICs (monolithic microwave integrated circuits) or other active devices on a single substrate thereby combining more electronic functions in one module and so potentially reducing the physical size, cost and overall system complexity. In addition, individual chip-complexity can be decreased and so design flexibility increased through the use of application specific modular chip-sets (allowing the use of different material systems for different functions) and high-Q 'off-chip' passive components.
Extension to the third-dimension is possible using some of the micromachined millimeter-wave lines reviewed in [1] and this is demonstrated in the micromachined silicon 3D MCM proposed in [17, 23, 24] and detailed in Figure 1 . This would use conventional via (a) Conceptual diagram of a highly integrated micromachined 3D MCM using conformal packaging and direct contact vertical transitions (after [23] ), and (b) Cross-sections of vertical transitions (top to bottom): electromagnetically coupled microstrip or CPW transition through a common substrate [30] , electromagnetically coupled microstrip transition through a common ground plane [28] , and direct contact microstrip (or CPW) transition through a common ground plane [31] . formation between lines supported on bulk substrates and so require a transition between the membrane and bulk substrate supported lines. This potentially enables a system on a package (SoP) level of integration for a communication, radar or sensing system front end where the required MMICs, distribution networks and antenna array are all integrated into the same module.
Vertical Interconnects
The enabling component for the realization of 3D MCMs is a lowloss, high-bandwidth via to act as a vertical transition between lines on different levels of the module. The high-performance vias which have been extensively demonstrated so far fall into two categories: electromagnetically coupled [25] [26] [27] [28] [29] [30] [31] with at best, 0.2 dB insertion loss at W-band [30] for a microstrip type geometry, and direct contact transitions [31] [32] [33] [34] [35] with around 0.6 dB insertion loss at 94 GHz [31] for a coplanar line. Both of these have been demonstrated only between lines fabricated on bulk dielectrics. It should be noted here that although they exhibit a higher loss at mm-wave frequencies, direct contact transitions take up less space. It is noted here that microstrip to rectangular waveguide coupling structures, usually relying on a microstrip probe, have been successfully applied to the contactless connection between a plastic QFN package and rectangular waveguide at 77 GHz [36] . This technique has also been extended to coupling planar lines through an electrically thick ground plane to form a vertical transition in a 3D low temperature co-fired ceramic (LTCC) MCM at 40 GHz [37] . In the case of direct contact transitions (Figure 1(b) ), application to membrane-based lines, due to their geometry and the required process sequence, would prove to be extremely problematic.
The electromagnetically coupled variety of vertical transitions have not, to the best of our knowledge, been demonstrated for membrane-supported lines because depending on line geometry, the separation between the strip conductors and the ground planes needs to be increased in the vicinity of the coupling region in order to achieve sufficient field interaction between the lines (this is demonstrated in Section 3.1). Since both upper and lower shielding would generally be required for each line in a 3D membrane-based MCM, this local variation in ground plane separation would be difficult to achieve using traditional fabrication techniques such as silicon micromachining. This means that their demonstration to date has only involved the coupling of unshielded coplanar lines with a common substrate [27, 30] , or microstrip lines with a common substrate [30] or ground plane [25, 26, 28, 29, 31] (Figure 1(b) ), and this has until now The proposed 3D millimeter-wave MCM is similar in concept to that illustrated in Figure 1 but is fully compatible with the micromachined lines demonstrated in [1] and the vias characterized in Sections 3.1 and 3.2. The characterized vertical coupling structures allow the routing of millimeter-wave signals between the adjacent levels of a 3D module created by stacking self-aligning micromachined shielding and membrane layers. This fabrication technique would also potentially allow for the attachment of MMICs directly onto the membranes via a flip-chip technique [2, 38] , which relies on a low-cost, lead-free, fluxless flip-chip technology based on the use of conductive polymers [38] [39] [40] [41] [42] [43] . As shown in Figure 2 , this would enable the back-side of the MMIC to be attached to a thermally conductive base-substrate while the high-frequency electrical connections are made directly to the membrane supported transmission lines. It is noted here that for the MCM concept and application illustrated in Figure 1 (a) and described in [23] , the MMICs or other active devices would be mounted on the base substrate and only the high-frequency distribution lines and passive components realized on the membrane itself: this means that no DC electrical connections would be required between membrane layers themselves.
DESIGN OF A NOVEL NON-CONTACT VERTICAL INTERCONNECT
The main difference between the coupled structures investigated here and those previously published is the use of a fully shielded striplinetype geometry [1] as opposed to microstrip. This complicates matters through the introduction of the extra ground planes and side shielding for each line which will reduce coupling due to the increased signalto-ground capacitance: this is highlighted in Figure 3 . Here it can be seen that C 12 represents the capacitance of the two strip conductors in the absence of a ground plane, while C 11 and C 22 represent the capacitance of each strip conductor and ground [44] . When the structure is symmetrical then C 11 = C 22 . For even mode excitation, C 12 is effectively open-circuited meaning the even-mode capacitance and characteristic impedance are given by
where v denotes the propagation velocity on the line. It should be noted here that C 11 (and C 22 ) will be slightly different for even-and odd-mode excitations due to the different charge distribution on the strip conductors for each case.
In the case of odd-mode excitation, the capacitance between either strip conductor and ground, and odd mode characteristic impedance are given by
This shows that due to the close proximity of the ground planes in comparison to the separation of the strip conductors, the effects of C 11 and C 22 will dominate the value of C o and therefore Z oo . This will also lower the range of practical values Z oe may take.
For a directional coupler, the effects of the limitations placed on the values of Z oo and Z oe through the comparatively close proximity of the ground planes would be a reduction in the possible coupling between the two lines. This is shown by the relationship between the (a) (b) Figure 3 . (a) Even-mode, and (b) odd-mode electric field pattern and equivalent capacitance network (After [44] ). coupling factor, C, and Z oo and Z oe which can be described as [44] ,
where the coupling factor C, is defined as the voltage coupling coefficient V 3 /V . In the case of the vertical transition, which is shown in schematic form in Figure 4 (a), the optimum coupling will occur when the image impedance of the coupling structure is equal to the characteristic impedance of the input and output lines, with an effective coupling region length of λ/4 at the frequency of interest (Figure 4(b) ). The image impedances, Z i1 and Z i2 for a two port circuit are defined as follows [45] : Z i1 is the input impedance at port 1 when port 2 is terminated with Z i2 , with Z i2 in turn being the input impedance at port 2 when port one is terminated with Z i1 . This means both ports are matched when terminated in their image impedances which in the case of a symmetrical vertical transition is
When the coupled line section is λ/4 long (θ = π/2), this reduces to
This shows that achieving optimum coupling is dependent on obtaining the values of Z oe and Z oo which meet the required image impedance condition.
EM Modeling and Characterization of the Coupled Line Structure
In order to establish the range of Z oo and Z oe possible for various practical geometries, a model of the structure was developed in Ansoft HFSS. Using the parametric sweep function, several of the geometrical parameters were set up as variables as detailed in Figure 5(a) , and the structures simulated using a full modal solution. The only parameters which were fixed were the strip conductor thickness, membrane thickness (1 µm and 10 µm respectively), and the separation S, of the two membranes. The separation was fixed at 260 µm to represent the distance between the vertically adjacent strip conductors of two stacked lines separated with a 10 µm thick metallized membrane acting as a common ground plane. It is noted here that the nominal line geometry was described in [1] and is such that the shielding side walls are 1000 µm apart, and the distance between the upper and lower shielding is 250 µm.
Due to the stacked nature of the transition's construction, the structure would in reality not be perfectly symmetrical. The slight asymmetry stems from that of the individual shielded lines themselves, along with the stacking of both membranes with the metallization on their upper surfaces. To obtain perfect symmetry in the structure, the upper or lower line (and therefore membrane) could be inverted. However it can be argued that the asymmetry would be a possible requirement in a 3D MCM, as bond wires may be needed to allow DC connections between the various levels. For this reason the asymmetry was included in the model.
The other variables were therefore the stripwidth W , the shielding width, W S , and the total shielding height H (varied through an increase in the distance between the membranes and the upper and lower shielding, h). The transition shielding variables W S and H were allowed to exceed those of the individual lines to mitigate the effects of the close proximity of the ground planes in relation to the strip separation. This would not present problems from a fabrication viewpoint if restricted to sensible limits. The limits imposed on the variables during the modeling were a maximum of W S =1500 µm and H = 1500 µm for the shielding with the minimum matching those of the shielded lines. The maximum strip width, W was set to be 100 µm less than the value of W S and the minimum set to 100 µm.
In order to obtain meaningful results the variables were swept in such a way that S, W and H could be normalised to give S/H and W/H for various values of W S , allowing graphical representation of the results in the format of Z oo versus Z oe . The resulting data was manipulated to provide the design data plotted in Figures 5(b)-(d) .
For each value of W S , the effects of varying W and H are clearly seen and can be accounted for by referral to Eqs. (1)-(4). Decreasing W for a fixed H leads to an increase in both even-and odd-mode characteristic impedance due to a decrease in both C 11 (= C 22 ) and C 12 , as can be seen from the S/H curves on the plots.
The effects of increasing H for a fixed value of W/H will be an increase in C 12 and an initial decrease in C 11 (= C 22 ) as the separation between the strip conductors and the upper and lower ground planes increases. However, as W increases (to maintain the W/H ratio), so does its proximity to the side shielding, leading to an increase in C 11 . The effect of this on Z oe and Z oo will be as follows: the change in C 11 due to increasing H, will lead to first an increase and then, if affected by proximity to the side shielding, decrease of Z oe . If the increase in C 12 is greater than the decrease in C 11 , Z oo will decrease in value (it can be seen from the plots that this is generally the case) with increasing H.
The main effect of increasing W S is seen to be an increase in the Z oe /Z oo ratio especially for large H where the range of possible Z oe values is significantly extended. This can be attributed to the reduced values of C 11 as the effect of the side shielding is reduced. The values of Z oo are not significantly altered by the increase in W S .
The design data given in Figure 7 was also translated using Eq. (7) to obtain the possible ranges of image impedance for a λ/4 long coupling structure and this is illustrated in Figure 6 . This confirms that optimum coupling can be achieved for the transition and gives an indication of the required geometry: with W S = 1500 µm, the ground plane separation would need to be extended to 1000 µm.
The design data from Figure 5 was also used with Eq. (5) to establish the coupling which could be achieved using a λ/4 line section in a 50 Ω system. The results are shown in Figure 6 (b) for a line with W S = 1500 µm which shows that greater than 3 dB coupling could be achieved when H = 1500 µm. The results also suggest that 3 dB coupling could be achieved with H = 1000 µm if W S is increased. 
Design, Modeling and Simulation of the Vertical Transition
To design a vertical transition for fabrication, sensible limits on the geometry need to be imposed so as to reflect the requirements of a practical situation. This mainly concerns the assignment of a maximum value for H which was decided to be 1000 µm. At H = 1000 µm, the coupling structure's upper and lower ground planes could be incorporated into the metallization of the vertically adjacent lines in unused areas of the MCM as shown in Figure 7 (a). In the illustrated structure the total height of the coupling region would be 1030 µm due to the inclusion of metallized membranes acting as the ground planes separating the lines. The length of this region L E , which is the distance from the end of the strip conductor to the end of the line shielding, was chosen to be twice that of the individual line height to minimise any effects on the coupling, and so was set in this case at 500 µm.
With the distance between the top and bottom shielding of the structure chosen to be H = 1000 µm, a value of W S = 1500 µm was decided upon in order to easily achieve optimum coupling. Using Figure 6 (a) and a small range parametric sweep in HFSS, the required conductor strip width was found to be W = 260 µm giving rise to the even-and odd-mode line characteristics listed in Figure 7(b) . The initial length of the coupling region was taken to be a quarter of the geometrical average of the even-and odd mode wavelengths, and so L is set to 1185 µm to give a centre frequency, f c = 60 GHz.
A model of the vertical transition coupling structure was implemented in HFSS with 2 mm long feed lines, the effects of which were later de-embedded, is shown in Figure 8 . Initially all materials included in the simulation were set as lossless to decrease simulation time while investigating the structure's frequency response. The results of the initial simulation are shown in Figure 9 which shows the centre frequency for the coupler with L = 1185 µm to be f C = 50 GHz. This deviation from the designed centre frequency is due to the fringing fields at the ends of the strip conductor effectively increasing the electrical length of the line. In order to compensate, the line was reduced to a length L R while the shielding and gap in the common ground plane were left at their original length. As seen in Figure 9 (a), a reduced line length of L R = 1035 µm resulted in the desired centre frequency. The effect of loss on the modified structure's response was then investigated assuming gold conductors with zero surface roughness and a thickness of one micron, along with an SU-8 membrane. Figure 9(b) shows the major contribution to the loss of the structure is that of the dielectric with the ohmic loss being relatively small. However, the total loss of the structure is still extremely low with a loss of less than 1 dB over a 26 GHz bandwidth and 0.5 dB over 18 GHz. The addition of conductor surface roughness (40 nm on one side of the strip conductors and 10 nm on the shielding) to the simulation resulted in a loss increase of around 0.01 dB across the range. The simulated return loss for the structure is shown in Figure 10 and being greater than 14 dB across V-band was deemed to be acceptable.
As the majority of the insertion loss in the simulated structure is the dielectric loss of the thin membrane, it was thought a reduction in loss would be achieved through the removal of mechanically unimportant areas of the membrane as in the earlier work with transmission lines described in [1, 2] . The areas in which the membrane was removed can be seen in the HFSS model shown in Figure 10(b) . The required length of the coupling region and strip width were calculated as L = 1232 µm and W = 250 µm. Again, the length of the strip conductors in the coupling region needed to be reduced to achieve a centre frequency of 60 GHz and the optimum length was found to be L R = 1052 µm. A simulated S-parameter response can be seen in Figure 10 where a noticeable improvement in both the return and insertion loss is observed due to the reduction in membrane area.
Here not only can a reduction in loss from 0.29 dB to 0.11 dB at 60 GHz be seen, but also a large increase in bandwidth (due to the reduced effective relative permittivity) with the 1 dB bandwidth increasing from 18 to 28 GHz and the 0.5 dB from 26 to 44 GHz. Incorporation of conductor surface roughness into the simulation (in the same manner as previously described) resulted again in a loss increase of around 0.01 dB. The performance is therefore comparable to the state of the art transitions discussed in Section 2.1.
CONCLUSION
The preliminary design concept for an electromagnetic coupling structure designed to act as a non-contact high-frequency transition between vertically adjacent levels of a 3D mm-wave MCM has been presented and initial design rules outlined This structure relies heavily on the versatility of the micromachining techniques used to locally vary the height of the shielding in the vicinity of the coupling region, and so allow the required level of coupling between two membranesupported, fully-shielded lines. As such this is a key technology for the realization of a 3D membrane-based MCM. Due to its novel nature, this device needed to be extensively modelled to obtain the necessary design data. Once the electrical characteristics were defined in terms of the dimensional parameters, two versions of the transition were designed and simulated, with one using a reduced-membrane approach to minimise insertion loss. The results of these simulations showed performance better than that measured for state-of-the-art contact transitions, with insertion loss as low as 0.12 dB at 60 GHz for a structure with a 44 GHz 1 dB bandwidth. The optimized vertical transition footprint is around 1.5 mm square with a depth of 1 mm at 60 GHz. This depth would be accommodated by the vertically adjacent lines (it is noted that this would place a design restriction on the positioning of vertical transitions on the vertically adjacent lines, and also the routing of the lines themselves). Although this footprint would be considered a large for a via in many MCM platform technologies, the proposed MCM technology is aimed at applications such as phased array systems and other high-performance high-frequency applications where minimization of loss is the most important factor which can be achieved at the cost of overall MCM size. Additionally a low degree of interconnected density is expected in such applications and so a relatively large via size can be tolerated.
It has also been ascertained from the modeling of this device, that in addition to acting as a transition, various degrees of directional coupling can easily be achieved between adjacent levels in a 3D MCM. This would introduce an increased flexibility to a MCM designer and find many useful applications in circuits such as planar antenna array feed networks thereby offering an increase to the already high degree of functionality for any MCMs realized using this technology. A method of incorporating MMICs and other active devices in the proposed 3D MCM using membrane supported interconnect has also been outlined.
ACKNOWLEDGMENT
We acknowledge the support of Agilent Technologies for elements of the work that were performed when the authors were with the University of Leeds.
